Abstract. The present study aims at exploring the effects of sardine protein on insulin resistance, plasma lipid profile, as well as oxidative and inflammatory status in rats with fructoseinduced metabolic syndrome. Rats were fed sardine protein (S) or casein (C) diets supplemented or not with high-fructose (HF) for 2 months. Rats fed the HF diets had greater body weight and adiposity and lower food intake as compared to control rats. Increased plasma glucose, insulin, HbA1C, triacylglycerols, free fatty acids and impaired glucose tolerance and insulin resistance was observed in HF-fed rats. Moreover, a decline in adipose tissues antioxidant status and a rise in lipid peroxidation and plasma TNF-α and fibrinogen were noted. Rats fed sardine protein diets exhibited lower food intake and fat mass than those fed casein diets. Sardine protein diets diminished plasma insulin and insulin resistance. Plasma triacylglycerol and free fatty acids were also lower, while those of α-tocopherol, taurine and calcium were enhanced as compared to casein diets. Moreover, S-HF diet significantly decreased plasma glucose and HbA1C. Sardine protein consumption lowered hydroperoxide levels in perirenal and brown adipose tissues. The S-HF diet, as compared to C-HF diet decreased epididymal hydroperoxides. Feeding sardine protein diets decreased brown adipose tissue carbonyls and increased glutathione peroxidase activity. Perirenal and epididymal superoxide dismutase and catalase activities and brown catalase activity were significantly greater in S-HF group than in C-HF group. Sardine protein diets also prevented hyperleptinemia and reduced inflammatory status in comparison with rats fed casein diets. Taken together, these results support the beneficial effect of sardine protein in fructose-induced metabolic syndrome on such variables as hyperglycemia, insulin resistance, hyperlipidemia and oxidative and inflammatory status, suggesting the possible use of sardine protein as a protective strategy against insulin resistance and related situations.
Introduction
The metabolic syndrome (MS) is a cluster of factors known to increase the risk for the development of diabetes mellitus and cardiovascular disease (1) . Insulin resistance, hyperleptinemia and low plasma levels of adiponectin are also widely related to features of the MS (2) . Metabolic syndrome is a proinflammatory condition (3) , and recent studies have suggested that inflammatory mediators such as tumor necrosis factor-α (TNF-α), interleukins (IL-6) and C-reactive protein (CRP) play a central role in the development of cardiovascular diseases and improve the ability to predict the risk of cardiovascular events and diabetes with occurrence of the metabolic syndrome (4) (5) (6) . Adipose tissue is considered as dominant sites affecting systemic insulin resistance, and especially visceral adipose tissue plays an important role in metabolic syndrome. Adipose tissue secretes several hormones such as leptin and adiponectin, and a variety of adipocytokines (IL-1β, IL-6, IL-8, IL-10, TNF-α, TGF-β) which are involved in the development of MS (7) .
Animal studies have shown that a high-fructose diet induces well characterized metabolic syndrome resulting in hyperinsulinemia, insulin resistance, hypertension, hypertriglyceridemia, and decreased high-density lipoprotein cholesterol (8) . Studies in humans have shown that high fructose diets can result in dyslipidemia, insulin resistance and increased visceral adiposity (9) . Moreover, fructose-fed rats display oxidative stress, an imbalance between free radical production and antioxidant defense in several tissues (10) .
Dietary recommendations have been proposed in order to prevent or reduce the development of MS in general population. Epidemiological studies have shown that the consumption of fish is associated with a reduced risk of type 2 diabetes (11) . This beneficial effect could be due at least in part to reduced inflammation. Indeed, fish consumption has been reported to be independently and inversely associated with circulating levels of several inflammatory markers (12, 13) . This effect has been attributed to n-3 polyunsaturated fatty acids, such as eicosapentaenoic (EPA, C20:5ω3) and docosahexaenoic acid (DHA, C22:6ω3) in fish oil. Moreover, epidemiological studies suggest that another constituent in fish could protect against the development of impaired glucose tolerance and non-insulin-dependent diabetes mellitus in lean fish eaters (11) . Few studies have focused on the role of dietary proteins on the regulation of insulin sensitivity and glucose homeostasis. Human studies showed that fish protein, compared with others animal proteins significantly improved insulin sensitivity (14) and lowered hsCRP, a marker of inflammation associated with insulin resistance and type 2 diabetes (15) . In rats fed a highsucrose diet, cod and soy proteins were found to reduce fasting plasma glucose concentrations and improve glucose tolerance and whole body insulin action on glucose disposal as compared to casein (16) . In our previous study, consumption of sardine protein to streptozotocin-induced type 1 diabetic rats reduced HbA1C, serum glucose and lipids as compared to casein (17) . Therefore, the objective of this study was to investigate whether sardine protein (Sardina pilchardus) in comparison with casein influences insulin resistance, lipid profile, leptin and TNF-α levels and protects against the adipose tissue pro-oxidant effect of a high-fructose diet.
Materials and methods

Preparation of sardine protein.
The fish protein prepared in the laboratory and used in this experiment was isolated from sardine's fillets. The heads, internal organs and bones of the sardines were removed, and minced. Then, sardine proteins were purified according to the method of Undeland et al (18) . Residual lipid content of fish protein was verified by the Soxhlet method. Crude protein (N x 6.25) content of protein preparations was assayed by the Kjeldahl method using a Kjell Foss autoanalyzer. The constituents (g/100 g) of the protein obtained by these operations were 93 g protein, 0.9 g lipids, 2.5 g ashes and 3.6 g moisture.
Animals, induction of metabolic syndrome, and diets. Weaning male Wistar rats (Iffa Credo, l' Arbresle, France) were housed individually in stainless-steel cages in a temperature (24˚C) and humidity (60%)-controlled room with a 12-h cycle of light (07:00 to 19:00) and dark and had free access to a standard commercial rat diet. When their body weights reached 190-200 g, they were randomly divided into four groups of six rats each and were fed for 2 months one of the diets defined in Table I Blood and tissue isolation. At the end of the feeding period, after overnight fasting, blood was withdrawn from the abdominal aorta under pentobarbital anesthesia (60 mg/kg body weight) in citric acid tubes. Plasma obtained after low speed centrifugation (3000 x g, 15 min) was stored at -70˚C for biochemical analysis. Brown, perirenal and epididymal adipose tissues and gastrocnemius muscle were excised, weighed and immediately frozen at -70˚C until needed for analysis. The ratio (epididymal fat/gastrocnemius muscle, g/g) was calculated as body composition index and was considered as an index of adiposity (20) .
Plasma analysis. Plasma glucose was measured enzymatically (21) . Insulin in plasma was measured by radioimmunoassay (22) . Homeostasis model assessment-insulin resistance (HOMA-IR) was calculated to measure the insulin sensitivity of the rats fed the experimental diets by the following formula: glycemia (mmol/l) x insulinemia (µU/ml)/22.5. Glycated haemoglobin (HbA1C) was determined by micro column enzymatic method (Biocon, Diagnostik, Gmbh, Burbach, Germany). Triacylglycerol and calcium concentrations were determined in plasma by enzymatic procedures (kit Spinreact, Spain). Plasma free fatty acids (Wako Chemicals, Neuss, Allemagne) and fibrinogen (Vonclauss, Belgium) levels were measured by enzymatic method. Plasma leptin concentrations were measured by radioimmunoassay by use of a rat leptin-specific kit from Assay Designs Inc. (MI, USA). Enzyme-linked immunosorbent assays (ELISA) were used for the detection of tumor necrosis factor-α (TNF-α) in plasma (Quantikine Mouse TNF-α Immunoassay, R&D Systems Europe, Abingdon, UK). Plasma α-tocopherol was assayed (23) . Ascorbic acid in plasma was determined by HPLC method. Plasma taurine levels were determined by reverse-phase HPLC (Beckman Coulter, Canada).
Adipose tissue analysis. Lipid and protein oxidation. For lipid peroxidation studies of adipose tissue, homogenates were prepared on ice in a ratio of 1 g wet perirenal and epididymal white and brown adipose tissues to 9 ml 150 mmol/l KCl using ultraturrax homogenizer. Thiobarbituric acid-reactive substances (TBARS) were measured (24) . Hydroperoxide levels in adipose tissue were evaluated (25) . Brown adipose tissue carbonyl concentrations were determined (26) .
Antioxidant enzymes. Catalase (CAT, EC, 1.11.1.6) activity was measured in perirenal and epididymal white and brown adipose tissues (27) . Superoxide dismutase (SOD, EC 1.15.1.1) activity was measured by the NADH oxidation procedure (Cayman Chemical kit, USA). Glutathione peroxidase (GSH-Px, EC 1.11.1.9) was assayed using commercial kit (Cayman Chemical kit).
Statistical analysis.
Values are means ± SD of six rats per group. Statistical analysis was performed using the Statistica 6 (Statsoft, Tulsa, OK). Data were tested using two-way ANOVA with type of protein and fructose content as independent variables. When the interaction was significant, Fischer's least significant difference test was performed. A difference of P≤0.05 was considered significant.
Results
Food intake and body and adipose tissue weight. Although there was no significant difference in body weight between dietary protein groups at the end of a 60-day period, the total food intake was significantly lower with S and S-HF diets compared to C and C-HF diets. Feeding the HF diets resulted in high body weights but low food intake as compared to control diets. The epididymal wet weight and body composition index were significantly decreased in rats that received S and S-HF diets, when compared to those receiving C and C-HF diets. Perirenal adipose tissue wet weight was lower in S-HF rats than in C-HF rats. Addition of fructose to both protein diets increased perirenal fat and adiposity. Furthermore, epididymal adipose tissue weight decreased significantly when rats were fed the HF diet in combination with S, but not with C (Table II) . Fructose treatment did not affect brown adipose tissue wet weight.
Glucose tolerance test.
The results of the glucose tolerance test in experimental animals are depicted in Fig. 1 . Compared with casein, the sardine protein diet (with or without fructose) significantly decreased the plasma glucose concentrations at all time points. Incorporation of fructose in both protein diets Table II . Body weight, food intake and adipose tissue relative weights in rats fed sardine protein or casein with or without high fructose diet for 60 days. induced significant elevations (P<0.05) in the glucose level at all time points as compared to that in the control rats.
Metabolic and hormonal data of control and experimental groups. Fructose-free sardine protein versus casein consumption decreased significantly plasma insulin, triacylglycerol, free fatty acids, fibrinogen, and HOMA-IR and enhanced plasma α-tocopherol, taurine and calcium at 8 weeks of experiment (Table III) .
Plasma glucose and insulin levels were significantly lower in the S-HF group than that recorded in the C-HF group.
HOMA-IR index and HbA1C were reduced in the S-HF rats as compared to the C-HF rats. Plasma triacylglycerol and free fatty acids concentrations were significantly reduced in S-HF than in C-HF. Plasma taurine and calcium levels were significantly higher in the S-HF than those found in C-HF animals.
Rats fed the HF diets had significantly higher plasma glucose, triacylglycerols, free fatty acids, fibrinogen, HOMA-IR and HbA1C and lower plasma α-tocopherol, taurine and calcium than those fed the control diets (Table III) . Only rats fed the S-HF diet showed hyperinsulinemia as compared to control diet. 
fructose (S versus C, S-HF versus C-HF). b P<0.05, fructose supplementation versus no supplementation (C-HF versus C, S-HF versus S)
; HOMA-IR = glycemia (mmol/l) x insulinemia (µU/ml)/22.5. Table IV . Levels of TBARS, lipid hydroperoxide and carbonyl in adipose tissues in rats fed sardine protein or casein with or without high fructose in the diet for 60 days. 
Diets P-value --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
P<0.05, sardine protein versus casein with or without fructose (S versus C, S-HF versus C-HF); b P<0.05, fructose supplementation versus no supplementation (C-HF versus C, S-HF versus S).
Lipid and protein oxidation. Perirenal and brown adipose tissues hydroperoxide levels were significantly lower in rats fed S and S-HF than in those fed C and C-HF diets (Table IV) . TBARS concentrations in brown adipose tissue were significantly lower in S-HF-fed rats as compared to C-HF rats (Table IV) .
TBARS and hydroperoxide concentrations of all adipose tissues were greater in HF diets compared to control diets. Furthermore, carbonyls contents were enhanced in brown adipose tissue of HF rats.
Antioxidant enzyme activities. The activities of antioxidant enzymes (SOD, CAT and GSH-Px) in the adipose tissues of experimental and control rats are presented in Fig. 2 . Fructosefree sardine protein rats increased GSH-Px activity in brown adipose tissue relative to C rats. Feeding sardine protein diet in fructose group led to increased eipdidymal and perirenal white adipose tissues SOD activity by about 30% and 23% relative to C-HF group, whereas, brown adipose tissue SOD activity was unaffected by changes in dietary proteins. Moreover, S-HF animals presented higher CAT activity in perirenal (26%), epididymal (20%) and brown (21%) adipose tissues than C-HF rats. No significant difference was observed between the two fructose groups in respect to GSH-Px activity. Addition of fructose to both protein diets decreased significantly SOD, CAT and GSH-Px activities in perirenal and epididymal white and brown adipose tissues in comparison with control rats (Fig. 2) .
Plasma cytokine levels. Fructose-free sardine protein as compared to casein feeding lowered plasma leptin (15%) and TNF-α (31%) concentrations (Fig. 3) . The S-HF diet, as compared to C-HF diet, also reduced plasma TNF-α (16%) and leptin (19%) levels. Feeding HF diets resulted in greater plasma leptin and TNF-α concentrations compared with those found in rats fed the control diets.
Discussion
It is clearly established that chronic high-fructose consumption is associated with the development of metabolic syndrome (28, 29) . However, dietary protein type can have a significant influence on insulin action and glucose homeostasis, as demonstrated in this study.
Rats on the high fructose diets ate less than controls but gained more weight and body fat, suggesting that high fructose feeding may suppress food intake in the long term or decrease energy expenditure or has satiating effect. Additionally, highfructose diet led to increased adiposity. Similar results were observed by Moran (30) . Despite lower food intake and adipose tissue fat weights in rats consuming S and S-HF diets, the body weight during the 60 day feeding was virtually identical in the 4 groups of rats. Adiposity was significantly lower, however, in S and S-HF groups than in C and C-HF groups.
The addition of fructose to both protein diets enhanced HbA1C, plasma glucose and insulin levels and insulin resistance. Insulin resistance may occur due to a defect in insulin binding caused by decreased receptor number or affinity, or defects at the level of effector molecules such as glucose transporters and enzymes involved in glucose metabolism (31) (32) (33) . Rats assigned to the S and S-HF diets displayed a significant reduction in the glucose response to IPGTT compared to rats following the C and C-HF diets. Similar to our results, Lavigne et al (16) found that, in rats fed a high-sucrose diet, cod and soy proteins were found to reduce fasting plasma glucose concentrations and improve glucose tolerance and whole body insulin action on glucose disposal as compared to casein. After 60 days of consumption, S-HF group had a 21% decrease in plasma glucose compared to C-HF group suggesting protection of S-HF against hyperglycemia (P<0.05). Mellouk et al (17) reported significant decrease in serum glucose and HbA1C in streptozotocin diabetic rats fed sardine protein as compared to those fed casein. Furthermore, rats fed sardine protein with or without fructose had lower plasma insulin level and displayed decreased insulin resistance, suggesting that dietary proteins can also have a significant influence on insulin action. The observation of improved insulin sensitivity with fish proteins has been previously reported in rats (16, 34) and in insulin-resistant men and women (14) . The improvement of insulin sensitivity with sardine protein consumption could be related to lower fat deposition. Therefore, it is proposed that fish proteins improve insulin sensitivity by enhancing peripheral insulin sensitivity (16) and normalization of PI 3-kinase/Akt activation coupled to an increased translocation of GLUT4 to the T-tubules (35) as well as by decreasing pancreatic insulin release or increasing hepatic insulin extraction (16) . On the other hand, amino acid composition of proteins may also be relevant to account for the effects on insulin resistance (36) . Previously, it was shown that taurine normalizes glucose metabolism and attenuates hyperinsulinemia in high fructose-fed rats (10) . In our study, consumption of sardine protein diet with or without fructose enhanced plasma taurine levels, when compared to casein-fed rats. Since sardines are a much richer source of taurine (37) , this may also explain why the sardine protein rats displayed lower glucose, insulin and insulin resistance than the casein-fed rats.
The results of the current investigation also revealed that high fructose feeding significantly increased the level of triglycerides and free fatty acids. Fructose is a highly lipogenic nutrient which results in increasing cholesterol, triglycerides and fatty acids in blood and liver (38) . Excessive FFA delivery to muscle from the circulation can be a source of muscle TG accumulation. The unregulated fructose metabolism generates both glycerol and acyl portions of acyl-glycerol molecules, the substrates for TG synthesis. Increase in acyl CoA carboxylase and diacylglycerol transporter activities has been reported in liver of the fructose-fed hamster (39) . Another interesting effect of sardine protein diet in comparison to casein diet with or without fructose is to decrease plasma triacylglycerol. After 2 months of feeding, rats fed S and S-HF diets had 76% and 53% lower plasma triacylglycerol in comparison to C and C-HF diets, respectively. These observations could possibly be due to decreased triacylglycerol-rich lipoproteins (VLDL), reduced synthesis of triacylglycerol in the liver, increased catabolism of fatty acids or a diminished secretion of triacylglycerol from the liver via VLDL. It is therefore possible that the reduction in plasma triglycerides was the cause or the result of improved insulin action in sardine protein-fed rats. These results are in agreement with those of recent studies (16, 40) .
Supplementation of both protein diets with fructose led to adipose tissue oxidative stress, manifested by increased levels of TBARS, lipid hydroperoxide and protein carbonyl. Enhanced lipid peroxidation in HF-fed rats could be associated with high circulating glucose, which enhances free radical production from glucose autoxidation and protein glycation. The increase in tissues lipid peroxides could also have resulted from depletion in cellular, non-enzymatic and enzymatic antioxidant potential in fructose-fed rats. It can be hypothesized that the reasons for decrease in tissue antioxidant enzyme activities would be that increased levels of O 2 -inactivate CAT and GSH-Px; inactivation of CAT and GSH-Px would lead to an enhancement of H 2 O 2 level which in turn would inactivate SOD. An increase in the protein carbonyl content in fructose-fed rats suggests protein modification by oxidation. Consumption of sardine protein diet in comparison with casein decreased lipid peroxidation and increased antioxidative defense status. Intake of S and S-HF diets produced lower perirenal and brown adipose tissues hydroperoxides. Moreover, the S-HF diet, as compared to C-HF, yielded reduced epididymal hydroperoxide and brown adipose tissue TBARS levels. Taken together, these results suggest that the decrease in glycemia, insulinemia and triglyceridemia produced by sardine protein consumption can be related to decreased lipid peroxide levels. On the other hand, the enhanced ability to detoxify O 2 -and H 2 O 2 via SOD and CAT activities in these tissues appears to be responsible to the decreased lipid peroxidation. Additionally, the observed effects of sardine protein could also be attributed to increasing antioxidant molecules such as α-tocopherol which would make the cells less susceptible to the consequence of oxidative stress.
The present study showed that plasma leptin concentrations decreased with decreasing food intake and fat mass but not body weight gain in rats fed S and S-HF diets as compared to C and C-HF diets. Thus, body fat is an important determinant of plasma leptin level rather than body weight gain. Moreover, a role for glucose transport and/or metabolism in regulating leptin secretion may be considered because fish protein feeding was found to increase glucose transport proteins (Glut-4) (35) . Therefore, the ingestion of sardine protein might contribute to the reduction of leptin levels and adiposity, which improves insulin resistance and hyperinsulinemia. Our data do not support the results of Lavigne et al (35) who found similar plasma leptin in obese rats fed cod protein than in those fed casein.
Generally, increased adiposity is a cause for elevated inflammation and fructose intake leads to elevated free fatty acids which further leads to elevated inflammation (41) (42) (43) . FFAs directly activate macrophages to secrete pro-inflammatory cytokines that render muscle cells insulin resistance (44) . The results of this investigation also revealed that fructose treatment significantly increased plasma TNF-α and fibrinogen, together with an increase in body weight, plasma free fatty acid levels and adipose tissue accumulation. Our findings are consistent with previous studies demonstrating that MS is associated with increased inflammatory burden (45). We found a protective effect of sardine protein diet with or without fructose against TNF-α, a proinflammatory cytokine that has been recognized as a key molecule linking obesity with insulin resistance (46) . Several studies have reported a strong inverse relationship between fish consumption and levels of inflammatory markers (12, 13) . Taken together, these findings suggest that this decrease in inflammation may have an important role in the effect of sardine protein, improving insulin resistance and glucose tolerance in free and high fructose rats. The expression levels of tumor necrosis factor α had a tendency to be lower after the addition of fish protein hydrolysate (47) . Our results are inconsistent with those of Lavigne et al (34) who observed similar adipose tissue and skeletal muscle TNF-α concentrations in obese rats fed cod protein as compared to casein.
In conclusion, 2 months of sardine protein feeding induced a marked improvement in glucose tolerance; a reduction in insulin resistance; a reduction in TNF-α, leptin and FFA, accompanied by reduction in adiposity and an improvement of oxidative stress in adipose tissues. We therefore suggest that sardine protein presents beneficial effects for the treatment of insulin resistance and type 2 diabetes induced by a high fructose diet. The present study does not allow identification of the constituents responsible for the beneficial effects of sardine protein and future studies are required to compare the effects of distinct amino acids or peptides.
